The GCN4 gene is required for the general amino acid control derepression response in yeast. GCN4 protein protects a repeated sequence motif in the 5'-untranslated region of HIS4, HIS3, ILVI, and ILV2 genes subject to general control. At low concentrations of GCN4, only certain repeats in these genes are bound. The repeats differ slightly from the 5' TGACTC 3' consensus core sequence, and the selective binding of some sites at low GCN4 concentrations is related to the relative affinity of these sites to GCN4. Using purified GCN4 protein obtained from an overproducing strain of Escherichia coli, we were able to obtain complete protection of all of the repeat elements in these four genes at high GCN4 concentrations. Analysis of the relative binding constant to the 15 repeated sequences protected by GCN4 shows that the optimal binding site for GCN4 is 5' RRTGACTC 3' followed by a short stretch of thymidines. Another protein, present mostly in yeast nuclear extracts, binds to the HIS4 promoter at a site overlapping one of the GCN4 binding sites. This protein is displaced from its binding site at high GCN4 concentrations.
vation for a single amino acid (1) . Both cis-and trans-acting sequences are required for general control. DNA sequence analysis revealed a common element, 5 ' TGACTC 3', present in multiple copies at the 5'-noncoding regions of genes subject to general control (2) (3) (4) (5) (6) (7) (8) . Deletion analysis of the 5'-flanking sequences of the HIS4 (9) and HIS3 (10) genes revealed that the TGACTC sequence is necessary for the general control derepression response. Furthermore, insertion of a 14-base-pair sequence containing this repeated element in the 5'-noncoding region of a heterologous gene is sufficient to place this gene under general control (11) . These studies indicate that the global effects of general control are mediated by the presence of a cis-acting sequence TGACTC in the 5'-flanking region of genes subject to this control. The TGACTC sequence has properties found for many upstream activation sequences in yeast in that the upstream activation sequences need not have a fixed distance or orientation with respect to the start of transcription.
In addition to the cis-acting TGACTC, regulation by general control requires the product ofthe trans-acting GCN4 gene. Strains containing a gcnC mutation fail to derepress upon amino acid starvation (12, 13) . The gcnC mutations are epistatic to all other trans-acting mutations affecting general control. Furthermore, all known trans-acting mutations that affect general control regulation act by altering the levels of GCN4 protein (14, 15) . These experiments suggested that the GCN4 protein is a positive activator of transcription, promoting increased transcription by binding to the TGACTC sequences flanking general control genes. This assumes that, upon amino acid starvation, the levels of the GCN4 protein increase and that the elevated levels of GCN4 stimulate increased transcription of amino acid biosynthetic genes. Consistent with this model, it was shown (16) that GCN4 protein partially protects one of the seven 5' TGACTC 3' repeated sequences of the HIS3 promoter from DNase I.
The interaction between GCN4 protein and the TGACTC sequence raises many questions. What is the role of the multiple copies of TGACTC? The HIS4 gene like many of the genes under GCN4 control has several copies of the TGACTC sequence in the 5'-noncoding region. Genetic analysis of HIS4 has shown that a mutation in any one of three repeats located in the 5'-noncoding region can affect derepression (9, 17) . Yet these repeats are not functionally equivalent since mutations in one have a much stronger effect on regulation than mutations in the other two. Another question is, What is the role of the GCN4-TGACTC system in maintaining the basal level of expression? Deletion of any of the HIS4 repeats affects the basal level of expression as well as the response to GCN4 (9, 17) , suggesting that the repeats or sequences adjacent to them may be required for the basal level of expression. On the other hand, strains containing gcn4-mutations were reported to have almost normal basal levels ofHIS4 expression in minimal media (18) . Although the absence of a dramatic effect of gcn4-mutations on basal level expression seems to suggest that GCN4 is not required for maintenance of the basal levels, the gcn4-mutants examined in these experiments may be leaky alleles, defective in general control but not basal expression.
This report concerns the role of the repeated sequences and the GCN4 protein in general control and examines the involvement of these cis-acting sequences and trans-acting factors in controlling the basal level of expression. Purified GCN4 protein obtained from an overproducing strain of Escherichia coli protects the three repeated sequences at HIS4, known from genetic studies to be involved in general control regulation (9) , as well as two additional sequences each of which differs from the canonical 5' TGACTC 3' sequence by a single base. Moreover, GCN4 protein protects six of the seven HIS3 TGACTC-like repeated sequences, all five of the ILVI repeated sequences, and the single ILV2 repeated sequence. Analysis ofthe relative binding constants for each of these repeated elements defines the sequences that constitute a good GCN4 binding site. We relate the importance of multiple relatively small binding sites for increasing the overall specificity of interaction of GCN4 protein with general control promoters in yeast. The GCN4-TGACTC interaction does not seem to be required to maintain the entire basal level of expression because a strain having a deletion of GCN4 still has relatively high basal levels Plasmids containing the GCN4 gene in the correct orientation were sequenced across the fusionjunction to obtain plasmids where the second codon of GCN4 was fused in frame to the ATG start codon of the promoter of the expression vector (pOT5). The resulting plasmid, pAB100, which specifies authentic GCN4 protein, was transformed into AR68 cells, which contain the temperature sensitive cI857 X repressor and a mutation in the htpR gene. Upon heat induction, GCN4 protein accumulated to a few percent of total cellular protein. regulatory sites (9, 17) . We assumed that the absence of binding to these repeats could result from the low concentration of GCN4 produced in the in vitro translation reaction mixture (we estimate from radioactive incorporation analysis that only 10 ng of in vitro-produced GCN4 protein could be included in the footprint assays). To produce more GCN4 protein, we fused the X promoter PL to GCN4 in an E. coli expression system (22) . From strains containing GCN4 under PL control, we were able to obtain large amounts of GCN4 protein. The GCN4 protein from E. coli comigrated in polyacrylamide gels with the in vitro translated GCN4, with an apparent molecular size of 40 kDa in a 12% gel and 43-44 kDa in a 10% gel using an acrylamide/bisacrylamide ratio of 30:1 (wt/wt).
The partially purified GCN4 protein made in E. coli was used in footprint reaction mixtures to study the protection of the HIS4 promoter (Fig. 1) . Knowledge ofthe purity of GCN4 permitted an estimation of the amount of GCN4 in the footprint assays. When 10 ng of GCN4 made in E. coli is used in the footprint reaction mixtures, only HIS4 repeated sequence C is protected. Thus, the GCN4 made in vitro and that made in E. coli have similar gel mobility and DNA binding properties. GCN4. At high GCN4 concentrations, the entire repeated sequence A and half of repeat B are protected on the noncoding strand of the HIS4 promoter (Fig. 1) . On the coding strand, sequence A and all of sequence B are protected (data not shown). Also as the amount of GCN4 is increased, two other HIS4 repeated sequences, D and E, are bound. These repeats have single-base changes from the consensus 5' TGACTC 3' repeat ( Fig. 2; see also Fig. 4) .
High Levels of GCN4 from E. coli Protect the Multiple Repeats of Other General Control Promoters. We also analyzed several other promoters known to be under general control. Using in vitro synthesized GCN4 protein, we obtained partial protection only of the HIS3 repeat 0, as found by Hope and Struhl (16) . However, genetic evidence indicated that sequences in addition to repeat 0 are important for general control derepression (10) . In fact, there are seven TGACTC-like sequences in the HIS3 promoter (4). When higher concentrations of GCN4 (produced in E. colt) are protected. For the noncoding strand, the protected region is centered on each of the repeated sequences found at HIS3. The same result was obtained for the coding strand except here only half of repeat element M is protected (Fig. 2) . The HIS3 promoter also contains a seventh sequence homologous to TGACTC at position -165 relative to the ATG. However, this sequence 5' ttttatTGCCTCggtaa 3' (where lower-case letters designate sequences flanking the "repeated sequence") shows no protection even at the highest concentrations of GCN4 used. The lack of protection is probably related to the change in the third position of the repeat and to sequences outside the core repeat that are unfavorable for GCN4 binding (see Discussion).
We also examined GCN4 binding to the ILVI and ILV2 promoters. Genetic evidence had indicated that the ILV2 gene was probably under general control regulation (Carl Falco, personal communication), but DNA sequence analysis (5) showed that, unlike other general control promoters, there was only a single sequence (TGATTC) similar to the highly conserved TGACTC consensus. Our binding studies show that GCN4 completely protects the single repeated sequence F of ILV2 and that no other changes in DNase I cleavage patterns are observed throughout the ILV2 promoter (Figs. 2 and 3) . The ILVI promoter contains five potential repeated sequences (6) , and all are protected by GCN4. The protected regions ofthree ofthese sequences (elements G, H, and I) are shown in Fig. 2 for the coding strand. The other two repeats were too far from the labeled end to permit precise definition of the limits of DNase protection.
Relitive Binding Constants of the General Control Repeated
Sequences. The relative affinity of GCN4 for the various general control repeated sequences can be obtained by quantitative half-maximal protection data using appropriate ionic strength and promoter fragment concentrations (24) . In  Fig. 4 , the repeats are listed in decreasing order of binding constant relative to HIS4 repeat C, which had the highest binding constant. In this regard, repeat C has a 9-base sequence with 2-fold symmetry that is absent from the other general control repeats we have examined. For each of the four general control promoters examined, one of the repeat sequences in the promoter has a high GCN4 binding constant. This high affinity is especially relevant for the ILV2 promoter that has only a single copy of the repeated sequence. The comparison in Fig. 4 emphasizes that among all the promoter sequences protected by GCN4, only the core TGACTC is highly conserved. The first three bases of this core are very Relative binding constants of the repeated sequences to GCN4. The repeats are listed in decreasing order of binding constant relative to that of HIS4 repeat C, which had the highest affinity. We oriented the repeated elements so that the 5' TGACTC 3' is from left to right. Where a repeated sequence differs from the HIS4 repeat C, we indicate the difference with the appropriate base. Thus, a blank space indicates a match with element C. Relative binding constants were determined using separately end-labeled coding and noncoding strands for the HIS4, ILV2, and HIS3 promoters. Monitoring either strand gave equivalent results, and we report the average. The reaction conditions for these experiments were the same as in Fig. 1 except the KCl concentration was raised to 150 mM, the concentration of labeled fragment was lowered to 0.8 nM, the sonicated calf thymus DNA concentration was lowered to 0.5 pug/ml, and bovine serum albumin was used at 0.05 mg/ml, final concentration (to act as carrier for low GCN4 concentrations). In a 50-,ul final volume, we used 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1, 2, 4, 6, 10, 25, 50, 100, 200, 300, and 450 ng of GCN4.
highly conserved, whereas the sixth position shows considerable variation. Furthermore, those repeats that bind best have two purines on the 5' side of the core and a homopolymer stretch (the best binding sequences have thymidines) on the 3' side of the core. Moreover, the region protected from DNase I digestion is relatively small (about 15 bases).
Another HIS4 Promoter Binding Activity in Crude Yeast Extracts. We have been unable to detect GCN4 binding activity in nuclear or cytoplasmic extracts prepared from wild-type yeast grown under general control repressed or derepressed conditions or from a yeast strain that should express more GCN4 than wild type. Instead, we detected a protein that binds tightly to the HIS4 promoter between repeated sequences B and C, partially overlapping repeat C (Fig. 5 a, lane 1, and b) . This factor, present mostly in the nuclear fraction, does not bind to the HIS3 or ILV2 promoters and is present in strains containing a deletion of GCN4 and in strains grown under repressed or derepressed conditions. As shown in Fig. Sa, lane 3 , GCN4 at high concentrations can displace this nuclear extract factor from HIS4 repeat C. In other experiments carried out at lower concentrations of GCN4, the nuclear extract factor displaces GCN4 from repeat C even though GCN4 remains bound to the other repeat elements on the HIS4 promoter fragment. Thus, GCN4 and the other binding factor do not bind simultaneously to their adjacent overlapping binding sites. 
DISCUSSION
Our results on the in vitro binding of GCN4 to HIS4 repeat sequences agree extremely well with in vivo mutational analysis of the HIS4 promoter sequences required for general amino acid control. Two previous genetic studies identified repeats A, B, and C (Fig. lb) of repeat C (leaving repeats A, B, D, and E) lowers derepression to 30% of wild-type levels while deletion of both repeats C and D lowers derepression to 10%o of wild-type levels (17) . The GCN4 protein binds upstream repeat sequences at three other general control promoters, HIS3, ILV2, and ILVJ. Our data and those of Hope and Struhl (16) indicate that in vitro synthesized GCN4 partially protects only HIS3 repeat 0, although in vivo deletion analysis indicated that other sequences are important for maximal derepression. In our analysis of HIS3, we found that there is complete GCN4 protection of six upstream HIS3 repeat sequences when GCN4 protein from an overproducing strain ofE. coli is used. We assume that the difference between the earlier studies and our own is that we were able to use higher concentrations of GCN4 in the protection assay. In agreement with this interpretation is the fact that element 0 has the tightest GCN4 protein binding of the HIS3 repeated sequences (see Fig. 4) .
Knowledge of the relative binding constants of the repeat elements permits a further refinement of the sequences that constitute a good GCN4 binding site. In all 15 sites examined, the GCN4 protein protects at least the two bases on the 5' side of the TGACTC consensus and often several bases past the 3' end. The fact that the protected region extends outside of the TGACTC sequence agrees with the observation (Fig. 4) that the presence of two purines on the 5' side of the consensus sequence and a homopolymer stretch, preferably of thymidines, on the 3' side of the element is typical of the sites with the highest affinity. The HIS4 repeat C, which has the highest binding constant, contains a 9-base-pair sequence with 2-fold symmetry. The symmetrically located guanosines (on opposite strands) of this 9-base sequence are symmetrically protected by GCN4 from methylation by dimethyl sulfate (data not shown). Also, where two repeat sequences are very close (repeats A and B at HIS4 and L and M at HIS3), GCN4 protects one completely (repeats A and L) and only one-half of the adjacent sequence (B and M) on one of the strands. Since binding by GCN4 to elements A and B or elements L and M occurs at equivalent GCN4 concentrations during the titrations, GCN4 binding on the individual elements may not be independent.
Multiple copies ofthe repeated sequence in general control promoters could increase the overall size and specificity of the effective binding site. An increase in specificity would be extremely important for-the TGACTC sequence where the binding site and conserved core are so small that the sequence is likely to appear by chance in genes unassociated with amino acid biosynthesis. A similar situation exists for the simian virus 40 early promoter, where all six GC motifs contribute to promoter activity in vivo and in vitro (25) .
The HIS4 promoter has a relatively high basal level of transcription, a substantial fraction of which is independent of GCN4. HIS4 expression that is independent of general control can be measured using a fusion of a 169-base-pair promoter fragment containing all the regulatory sequences of HIS4 fused to E. coli lacZ. GCN4 strains give 3000 units of (-galactosidase activity when cells are repressed (minimal media) and 6000 units when derepressed (starved for an amino acid), whereas strains containing a gcn4 deletion (Kpn I-Mlu II) give about 1000 units of (-galactosidase under repressed (minimal media) and derepressed conditions. This fusion gives <15 units without the HIS4 promoter sequence. Thus, that part of the basal level that is independent of GCN4 constitutes a large component of HIS4 transcription.
The binding factor we have found in yeast extracts could be a factor involved in the regulation of the basal levels of transcription from the HIS4 promoter. This factor binds to a region of the HIS4 promoter shown by linker insertions to be important for basal level regulation of HIS4 transcription (17) . Our extracts showed no binding to either the HIS3 or ILV2 promoters. It is possible that these promoters regulate the basal level by another mechanism. For example, long stretches of adenosines and thymidines have been postulated to activate the basal level of HIS3 transcription (26) . However, the HIS4 promoter does not have long stretches of adenosines and thymidines like the ILVI, ILV2, and HIS3 promoters. The longest stretch at HIS4 is 7 bases long and is located on the 3' side of repeat C. Although the binding factor protects the HIS4 promoter in vitro, there is no direct evidence for an in vivo role. Clearly, there are genetic and biochemical approaches that should clarify whether this binding factor is involved in the regulation of the basal level of expression.
